In this paper, the buckling load optimisation is performed on sandwich cylindrical panels. A finite element program is developed in MATLAB to solve the governing differential equations of the global buckling of the structure. In order to find the optimal solution, the genetic algorithm Toolbox in MATLAB is implemented. Verifications are made for both the buckling finite element code and also the results from the genetic algorithm by comparisons to the results available in literature. Sandwich cylindrical panels are optimised for the buckling strength with isotropic or orthotropic cores with different boundary conditions. Results are presented in terms of stacking sequence of fibers in the face sheets and core to face sheet thickness ratio.
Introduction
Among light weight structures, composite structures of sandwich type are increasingly receiving interest, due to their high strength/weight ratio. Sandwich panels, have found applications in different industries like transportation, automotive, aerospace and civil engineering.
Sandwich structures consist of three generally different types of layers, two thin face sheets attached to a thick core. Face sheets have high strength and density, while the core has low-density and stiffness. Face sheets can be made from high strength metals or composite laminates. The core can be made of isotropic materials (foams) or orthotropic materials (honeycomb or corrugated). By comparison, honeycomb cores are lighter than metal ones but metal cores have higher bending and stretching stiffness [1] . It is expected that the geometric and material design parameters including the aspect ratio (length to total thickness), thickness of the core and face sheets, and orientation of the fibres, foam material, etc. would significantly affect the structural behaviour of the sandwich panel. Basically, face sheets are supposed to carry the tangential and bending loads and the core to have the face sheets in appropriate locations and also to transmit transverse loads [2] . For instance, the honeycomb core resists the shear loads and also increases the stiffness of the structure by holding the facing skins apart.
Buckling of structural components is an important failure mechanism when in-plane loads are present. A cylindrical panel, under compressive loading, is suspicious to fail in buckling mode rather than by initial yield or fibre breakage. This mode of failure may occur globally that is called Euler buckling or locally. In the local buckling of sandwich type structures, face sheets become unstable and buckle into the core, while no global buckling has occurred causing the entire structure to become instable. This type of failure is named face wrinkling, an investigation of which needs incorporation of interaction of layers in the formulation.
Carrera in 1998 presented a finite element formulation for linear and nonlinear responses of sandwich plates [3] . Using a multilayer model, zigzag displacement components through the thickness were assumed and results for a sandwich plate with laminated face sheets were obtained and compared with the results of the classical and first order shear deformation theories. It was concluded that lower order models overestimate the global buckling load.
Linear buckling of sandwich and laminated plates was studied in 1998 using a multilayer model [4] . Zig-zag model was considered for the thick faces and the RayleighRitz method was used for calculating the buckling loads. Frostig in 1998 formulated the linear and nonlinear buckling behaviour of sandwich plates [5] . The plates considered were made of symmetrically laminated face sheets and isotropic foams or especially orthotropic honeycomb cores. Roberts et al. in 2002 [6] , analyzed FRP-faced sandwich plates with finite element package ABAQUS and tested some specimens for buckling and collapse. Hohe and Librescu in 2003 formulated a nonlinear theory of doubly curved sandwich panels [2] . The thin face sheets were modelled by kirchhoff assumptions while second and third order power series expansions were considered for the displacements in the core.
Nordstrand in 2004 [7] tested the sandwich plate containing a corrugated core for buckling analysis under inplane edge loads. The results were compared with finite element simulations based on FSDT. The dynamic buckling of flat and curved sandwich plates was studied in 2005 under rapidly applied loads [8] .
In addition to the three dimensional elasticity theory which is the most accurate but in some cases hard to develop, two different modelling approaches exist for sandwich laminates. The first is the multilayer or layer wise theory where all principal layers are treated separately. Early models of this type are classical sandwich membrane models [2] , which consider membrane behaviour for face sheets and transverse shear deformation only for the core. Second is the equivalent layer theories with their main advantage is the rather fewer number of unknown variables and boundary conditions. On the other hand, the local effects in the buckling analysis for instance face wrinkling cannot be investigated. However, for the global buckling analysis of the sandwich panels, usage of these approaches with sufficient attention to the applicability and accuracy of them would be reasonable. In this study, the First-order Shear Deformation Theory (FSDT) is used for the global buckling of moderately thick and deep sandwich cylindrical panels. It should be noted that in order to analyse the face wrinkling phenomenon, it is required to utilize three dimensional [9] or layer-wise theories [10, 11] . The formulation of layered materials are improved with respect to different design disciplines in recent years which are available in the literature for sandwich structures [12] and also composite laminates [13, 14] .
The design of fibre-reinforced composite materials, with respect to different engineering design requirements, can be considered as a discrete optimisation procedure in the sense of choosing the best fibre orientation angles. This process is known as stacking sequence optimisation of composite structures. However, other design specifications such as the thickness, material properties, and the geometric shape of the composite structure can be chosen as the design variables of the optimisation problem. The design objective functions vary from weight and cost values to stiffness, strength, stability, and dynamic considerations.
Out of various kinds of optimisation algorithms, genetic algorithm (G.A.), as an evolutionary approach, has attracted special concern especially in discrete optimisation procedures in which the design variables are of discrete type [15] . This algorithm has been used extensively in the design optimisation of composite flat plates and laminated shells [16] [17] [18] [19] [20] [21] [22] [23] [24] ENREF_20. Authors in [25, 26] EN-REF_24 have presented a strategy for stacking sequence optimisation of laminated cylindrical panels with respect to their vibration and buckling behaviour. Other than optimising the lay-up configuration of composite structures, G.A. has been utilized in topology and shape optimisation processes [27, 28] . G.A. has also been used for sandwich structures. Gantovnik et al. in 2002 [29] tried to find a suitable algorithm for a G.A. with memory that can work with discrete and continuous variables simultaneously. A local memory for the continuous part of the design space was proposed based on spline approximations. The proposed procedure was used for the weight optimisation of a sandwich plate with composite face sheets subjected to strength and buckling constraints. A similar approach, but with multivariate approximation, was used in 2003 the minimum weight design of a composite cylindrical shell with grid stiffeners [30] . Using the same algorithm, stacking sequence optimisation procedure is performed on a two dimensional array of laminated and sandwich flat panels connected to each other [31, 32] . Optimisation with respect to buckling load and thickness of laminated and sandwich plates is done by Sciuva et al. in 2003 [33] . Different constraints like fundamental frequency, maximum deflection under uniform lateral load and mass have been considered. For more recent works on laminated plates, one can refer to the work done in 2007 [34] , 2009 [35] and 2013 [36] .
As can be verified, extensive attention is paid by the researchers to the optimisation of laminated and sandwich structures using the G.A. The main purpose of this paper is to investigate the optimisation process of sandwich cylindrical panels based on buckling behaviour using a G.A.. Buckling load of the panel is evaluated by the developed finite element code. Both finite element simulation and G.A. optimisation results are verified by comparing with the corresponding results available in the literature. For different cases, results are presented in terms of stacking sequence of fibres in the face sheets and core to face sheet thickness ratio. The presented results may be used effectively in the optimal design of these structures to have higher buckling strength under in-plane loads.
Finite Element Formulation
Consider a composite laminated cylindrical panel of length Lx, mean radius of R, span angle of Θm, and total thickness of H tot , shown in Figure 1 . If we denote the core thickness as Hc, the thickness of each face will be H f = (Htot − Hc) /2. The buckling analysis of sandwich cylindrical panels is formulated based on the First-order Shear Deformation Theory (FSDT) of sandwich/laminated shells. Therefore, transverse shear deformation, of which the effects are not negligible in the case of thick sandwich structures, is considered in the analysis. Since analytical solutions are restricted to specific boundary conditions, finite element method has been chosen to solve the governing differential equations of the global buckling problem, considering stretching-bending coupling effects.
Based on FSDT, in-plane and transverse displacements in the k th layer are assumed in the following form:
where, u 0 , v 0 , w 0 are displacements of a point in the mid or reference surface in longitudinal, circumferential, and transverse directions, respectively and βx, βy are the rotations of normal to the mid-surface about y and x axes, respectively. The finite element code is formulated based on the foregoing displacement field. In order to obtain the governing equations of motion, the Hamilton principle (variational approach) is used in the finite element formulation [37] .
The finite element used for the analysis is of Lagrange shell type of second order, having nine nodes with five nodal degrees of freedom {δ
with βx, βy as the rotations of normal to the mid-surface about the y-and x-axes, respectively. Thus each element will have 45 degrees of freedom.
The strains in terms of the middle-surface deformation and the rotations of normal for the k th layer read as:
The vector {ε bm } includes the bending and membrane terms of the strain components and vector {εs} contains the transverse shear strain terms. The linear terms of the strain vector are as below:
For each layer of the cylindrical panel, the constitutive relation can be written as [38, 39] :
where C ij (i, j = 1 . . . 5) are the transformed stiffness coefficients from material principal directions to geometric global coordinate system. Following general procedure in finite element formulation, strain field defined in Eq. (3) is related to the independent nodal degrees of freedom using appropriate shape functions. Then the strain energy of the panel is found as:
where n is number of layers of the panel and h k is the thickness of the k th layer. As stated by the energetic criterion of critical state of equilibrium [40] , the potential system reaches a critical state of equilibrium if the first and second variation of total potential energy equal zero. The total potential energy functional of the structure consists of strain energy due to vibratory stresses and work done by the in-plane loads.
For the purpose of linear buckling analysis of the structure, we need to be concerned about the nonlinear terms in the components of strain as well. Therefore introducing the nonlinear strain field for a cylindrical panel as below is necessary for analysing the elastic instability problem of the panel.
Note that the total strain components consist of the linear portion, defined by Eq. (3), and the nonlinear part in Eq. (6) . In this investigation, in order to have more precise formulation, all of the terms in the nonlinear strain field are preserved [40] . However, for a linear (bifurcation) buckling analysis, in which strains are small, the inplane nonlinear terms in Eq. (6) are not needed. In other words, if the rotations of the transverse normal (w,x and w,y) are moderate (say 10 ∘ -15 ∘ ), then they should be included in the strain-displacement relations. This smalldisplacement with moderate-rotations will lead to geometric nonlinearity of the problem. The total potential energy in this case will be in the form:
where U 1 stands for strain energy due to stresses which is the same as Eq. (5) and U 2 is the work due to the in-plane loads or in other words the strain energy due to the inplane stresses of which the values for a cylindrical panel subjected to uniform in-plane loads are easily calculated as:
where Nx, Ny, Nxy are the longitudinal, circumferential, and in-plane shear forces, respectively. Lc is the arc length and H tot is the total laminate thickness. The second strain energy functional is taken as ]︀ matrices to form the element governing equations as below:
As already mentioned, {δ e } is the vector of nodal degrees of freedom. Following the general finite element procedure, the global material stiffness and global geometric stiffness matrices are formed as
where [K] and [KG] are the global structural and geometric stiffness matrices, respectively and {δ} is the global vector of degrees of freedom in the finite element model. The material stiffness matrix is formed according to the linear part of the strain displacement relations and material constants of the sandwich panel. However, the geometric stiffness matrix is calculated according to the stress stiffening matrix composed of the in-plane stresses due to the inplane loads and nonlinear part of the strain-displacement relations.
For the linear bifurcation buckling analysis (in order to obtain the global buckling load), one can perform a linear eigenvalue analysis between two material and geometric stiffness matrices as follows:
where
]︀ is the geometric stiffness matrix due to unit in-plane loads. Therefore, through an eigenvalue solution, the eigenvalues (λ) of which the multiplication by the initial in-plane load would give us the critical buckling loads of the panel. It is known that the number of eigenvalues is equal to the number of degrees of freedom of the finite element model corresponding to the number of different modes of linear buckling.
Genetic algorithm
G.A. is a direct search algorithm [15] based on the natural evolution concept coming from Darwin's theory of evolution. G.A. is a probability-based optimisation algorithm which starts with an initial population of design variables. In G.A., natural selection increases the surviving capability of the populations over the foregoing generations. The characteristics of each design are used to generate a fitness value indicating its level of performance with respect to the other designs in the population. Design variables that have the highest fitness value are given the greatest probability of breeding with other good designs so that their characteristics can be passed to the future generations.
In this paper, optimisation is carried out using the G.A. functions available in MATLAB using the G.A. toolbox [41] . The most important G.A. operations which were used are: selection, crossover, and mutation and migration. Selection from the parent population is performed by the stochastic uniform function to make duplicates of better designs and eliminate the less valuable solutions. Crossover is implemented to recombine parent strings into child strings. For scattered crossover, a random binary vector was created. The genes of the child string were selected from the first parent where the binary vector component is 1 and from the second parent if it is 0. Crossover is usually applied with a high probability between 0.7 and 1.0 which in this study is chosen to occur with probability of 0.8. Mutation operator changes the parent vector string occasionally and is applied with a small probability, in order to prevent the G.A. from searching local minima. Gaussian mutation function is chosen for this purpose which adds a number to each component of the parent vector. This number is randomly chosen from a Gaussian distribution with mean 0. Forward migration is selected to specify how individuals move between subpopulations. In this way, migration (movement of individuals) occurs in the last subpopulation. More extended description on the type of the genetic algorithm operators used in the analysis can be found in [41] .
Numerical results and discussion

Verifications for the finite element code
The finite element formulation described in Section 2 is programmed and solved in MATLAB. The developed finite element (FE) MATLAB code is verified in two ways. For a special geometric and material properties of the sandwich structure, comparisons are made with the results available in the literature and also the eigenvalue buckling analysis results obtained from the commercial finite element software ANSYS.
-Sandwich plates First, the results from the developed FE code is performed by comparing the solutions with the results presented in [42] for sandwich plates with orthotropic (honeycomb) core and laminated faces. In the mentioned paper, analytic solutions are presented for sandwich plates with symmetric cross ply laminated faces while numerical analysis is made based on Raleigh-Ritz approximation for angle ply laminated faces. In this example, the core thickness is 10 mm and each face is composed of four plies whose thickness is 0.125 mm.
Data used for the comparison are: laminated faces with E 11 = 181 GPa, E 22 = 10.3 GPa, G 12 = 7.17 GPa, ν 12 = 0.28 and aluminium honeycomb core with G 13 = 0.146 GPa and G 23 = 0.0904 GPa. E, G, and ν are the Young's modulus, shear modulus, and Poisson's ratio and subscripts 1 and 2 denote the fibre and transverse directions, respectively. The sandwich plates are composed of cross-ply laminated faces and are symmetric with respect to the mid-plane of the plate (core).
Comparison of the two methods of analysis for a sandwich plate with all edges simply supported is presented in Table 1 , from which a good correlation of the results can be observed.
It should be noted that both results are obtained by FSDT formulation. This verifies the usage of the developed finite element code for optimisation purposes in the next sections. We can conclude that the FSDT formulation of the developed FE code is accurate enough for the prediction of the global bucking load of the sandwich laminate.
-Sandwich cylindrical panel
Second comparison is performed for a cylindrical sandwich panel. The cylindrical panel has an isotropic foam core and fibre reinforced laminated faces with stacking sequence, The material properties are given in Table 2 , and the geometric properties are arbitrarily chosen as follows:
where Lx and Ls are the longitudinal and circumferential lengths of the panel, respectively. A layered shell element from the ANSYS element library has been chosen to analyse the problem. Boundary conditions of the panel are fully clamped on all its edges. The first buckling load was obtained from ANSYS equal to 13897 kN·m −1 , while the current FE MATLAB code resulted in an eigenvalue equal to 13715 kN·m −1 . By comparison, the developed code has predicted the buckling load by an acceptable accuracy with an error of 1.31%. [43] , and for aluminum honeycomb core from Ref. [42] . Note that for honeycomb core material, other elastic constants are relatively small and negligible which means that these core materials are only transferring transverse shear loads.
Optimisation results
Optimisation of a composite sandwich plate
For the purpose of verifying the results obtained from the utilized G.A., comparison is made with the optimisation results presented in [42] using the Powel's Conjugate Direction Method. Sandwich plates can also be analyzed with the presented formulation. The objective function of the optimisation process is defined as the first critical buckling load of the structure. The design variables of the problem are considered to be the stacking sequence of the laminated face for the plate case. The optimal arrangements are obtained in the form
The taken domain for fiber reinforcement angles to be utilized in the genetic algorithm is from −90 ∘ to +90 ∘ (with 1 ∘ increment).
It should be noted that the process can be simplified by increasing the increments to 5 ∘ or 10 ∘ to obtain more applicable fibre angles for the face sheets that can be easier laminated in the layup process. The results are obtained for the sandwich plate with the same properties mentioned in Section 4.1 and are shown in Table 3 . Different edge lengths and ratios of inplane loads are considered in x and y directions. The plate is simply supported on all edges. As can be seen, orientation angles are close to the ones in Ref. [42] but in most cases with better fitness values. Due to the overestimation in calculating the buckling loads in [42] , more exact values of buckling loads for orientation angles are calculated by the current finite element code (see Table 1 ).
Optimisation of a composite sandwich cylindrical panel with isotropic core
Here, with the buckling load of the structure as the objective function, stacking sequence of the four layer symmetric laminated face and the thickness ratio of the sandwich panel (core thickness to the face thickness) are assumed as the optimisation variables for the cylindrical sandwich panel. The material properties of the faces and the core are given in Table 2 . The panel has the following geometric characteristics: and fully clamped edges with the following constraints: on all edges : u 0 = v 0 = w 0 = βx = βy = 0
It should be noted that an application of the fully clamped boundary conditions (clamped on all edges) is the thermal buckling problem in which the eigenvalue calculated in this study would represent the critical thermal force resultant in the laminate. The fibre angles vary from −90
∘ to 90 ∘ (with 1 ∘ increments) in the genetic algorithm.
However, the core thickness to the face thickness ratio is taken to be in the range from 10 to 100. The panel is constructed by an isotropic core made of foam and fibre reinforced faces of which the properties are mentioned in Table  2 . Both uniaxial and biaxial loadings are considered with different in-plane loading ratios. The results are given in Table 4 for simply supported edges and in Table 5 . For the clamped boundary conditions, greater buckling loads are obtained as the maximum objective function, as expected. Furthermore, the optimum solutions for the biaxial loading case, has less buckling loads if the in-plane loading ratio is increased; the same effect is evident in the work done in Ref. [42] .
Optimisation of a composite sandwich cylindrical panel with honeycomb core
A large number of thin-walled square cells with small size construct a honeycomb structure which due to its low weight may be used as the core material of a sandwich panel. These structures are mainly made from aluminum and despite their weight advantage have lower bending and stretching stiffness. Here, a sandwich cylindrical panel with aluminum honeycomb core is considered for the analysis. Laminated faces have six layers with symmetric lay-up. The material properties for both honeycomb core and FRP faces are those given in Table 2 . As it is observable from the table, the honeycomb core has negligible in-plane and out of plane rigidity and only its transverse shear rigidities are considerable. The optimum layup of the face sheets and also the optimum thickness ratio are obtained for the best buckling performance. The design domain is the same as the previous section.
The optimisation results can be observed in Table 6  and Table 7 for simply supported and clamped edges, respectively. Again clamped edges have produced higher objective functions.
By comparing with the results shown in the previous section, i.e. Table 6 with Table 4 and Table 7 with Table 5 , one can observe that in all cases the maximum optimum loads reached by the genetic algorithm have raised up when honeycomb cores are bonded to six layer laminated faces. This is due to the fact that buckling strength of a sandwich structure is provided more effectively by the faces rather than the thick core. Therefore, although the core in the latter case has lower shear stiffness than the foam core and even negligible in-plane rigidity, but the buckling load capacity of the panel has been increased due to adding the number of FRP layers in the face sheets.
Conclusions
The linear buckling behaviour of sandwich cylindrical panels was optimised using the finite element method and a genetic algorithm. The effects of different boundary conditions, core thickness, and stacking sequence of the laminated face sheets were considered and an optimisation process was performed based on these parameters. The presented results are the optimal solutions for increasing the performance of the structure under in-plane loadings. It was shown that this optimisation procedure works for different types of in-plane loadings that can be used in practical design of the panels. The same optimisation procedure can be followed for other objective functions with different design variables. This can be done, as future work, by writing finite element codes or using available packages and make the link to the MATLAB GA toolbox for other optimisation problems.
